Charcot-Marie-Tooth disease type 2D (CMT2D) is a peripheral nerve disorder caused by dominant, toxic, gain-of-function mutations in the widely expressed, housekeeping gene, GARS. The mechanisms underlying selective nerve pathology in CMT2D remain unresolved, as does the cause of the mild-to-moderate sensory involvement that distinguishes CMT2D from the allelic disorder distal spinal muscular atrophy type V. To elucidate the mechanism responsible for the underlying afferent nerve pathology, we examined the sensory nervous system in CMT2D mice. We show that the equilibrium between functional subtypes of sensory neuron in dorsal root ganglia is distorted by Gars mutations, leading to sensory defects in peripheral tissues and correlating with overall disease severity. CMT2D mice display changes in sensory behaviour concordant with the afferent imbalance, which is present at birth and nonprogressive, indicating that sensory neuron identity is prenatally perturbed and that a critical developmental insult is key to the afferent pathology. This suggests that both neurodevelopmental and neurodegenerative mechanisms contribute to CMT2D pathogenesis, and thus has profound implications for the timing of future therapeutic treatments.
Introduction
Charcot-Marie-Tooth disease (CMT) is a group of genetically diverse peripheral neuropathies that share the main pathological feature of progressive motor and sensory degeneration (1) . Although lifespan is usually unaffected, patients display characteristic muscle weakness and wasting predominantly in the extremities, leading to difficulty walking, foot deformities, and reduced dexterity (2) . CMT is traditionally divided into type 1 or demyelinating CMTs that display loss of peripheral nerve myelin causing reduced nerve conduction velocity (NCV), type 2 or axonal CMTs typified by axon loss with relatively normal NCVs, and intermediate CMTs that share clinical features of CMT1 and CMT2 (1) . Over 80 different genetic loci have been linked to CMT, which is known to affect ≈1/2,500 people, making it the most common group of hereditary neuromuscular disorders (3) .
Dominant mutations in the glycyl-tRNA synthetase (GlyRS) gene, GARS, are causative of CMT type 2D (CMT2D, OMIM 601472), which normally manifests during adolescence and presents with muscle weakness in the upper extremities, followed by the feet (4) . The 2D subtype is one of a number of CMTs associated with mutation of an aminoacyl-tRNA synthetase (ARS) gene (5) (6) (7) (8) . Humans possess 37 ARS proteins, which covalently link amino acids to their partner transfer RNAs (tRNAs), thereby charging and priming the tRNAs for protein synthesis. This housekeeping function of glycine aminoacylation explains the widespread and constitutive nature of GARS expression (4), but highlights the phenomenon of neuronal specificity in the disease: why do mutations that affect a ubiquitous protein selectively trigger peripheral nerve degeneration? Several hypotheses have been suggested (9, 10) , although the exact disease mechanisms remain unknown. Nevertheless, cell-based experiments and studies using two CMT2D mouse models (the mild Gars C201R/+ allele and the more severe Gars Nmf249/+ model) indicate that CMT2D is likely caused by a toxic gain-of-function in mutant GlyRS rather than haploinsufficiency or a loss of aminoacylation activity or a non-canonical function (11) (12) (13) (14) (15) . A possible mediator of this toxicity was identified when five CMT2Dassociated mutations spread along the length of GARS were all shown to induce a similar conformational change in GlyRS, leading to the exposure of surfaces buried in the wild-type protein (16) . These neomorphic regions likely facilitate the aberrant accumulation of mutant GlyRS at the neuromuscular junction (NMJ) of a CMT2D Drosophila melanogaster model (17) , and the erroneous interaction of mutant GlyRS with NRP1, antagonising VEGF signaling (18) .
A second major conundrum in GlyRS-associated neuropathy is why some patients with dominant GARS mutations, diagnosed with the allelic neuropathy distal spinal muscular atrophy type V (dSMA-V, OMIM 600794) (4), lack the distinguishing mildto-moderate sensory involvement typical of CMT2D (19) (20) (21) (22) . The ability of CMT2D patients to sense vibration is most impaired, followed by light touch, temperature, and pain (19) . Furthermore, CMT2D patients display deficits in deep tendon reflexes of the extremities (21, 22) , while reflexes of dSMA-V patients remain relatively unperturbed (4, 23) , implicating defective relay arc afferents rather than efferents. CMT2D sensory defects are dependent on disease severity not duration, while dSMA-V patients are refractory to sensory pathogenesis, suggesting that the two disorders lie along a spectrum and that disease-modifying loci may dictate these differences (19) . Accordingly, CMT2D and dSMA-V can be caused by the same GARS mutation and manifest at different ages within a family (20) . CMT2D sensory pathology, both in patients and animal models, has not been studied in detail, although the limited sensory analysis has identified possible contradictions that require clarification. The greatest sensory deficiency in CMT2D patients is in the perception of vibration, which is sensed by neurons with large cell bodies and axons (24, 25) ; however, patient sural nerve biopsies show a selective loss of small sensory axons (19, 20) . This histological finding is also counter to what is observed in CMT2D mice; the milder Gars C201R/+ mice display a general reduction in axon diameter in both the saphenous and sensory femoral nerves (12) , while the more severe Gars Nmf249/+ allele displays both a reduction in axon diameter and axon number (11) ; nevertheless, whether specific sensory neuron populations are preferentially atrophied or lost is unknown. We thus set out to interrogate the sensory nervous system of CMT2D mice to better understand how and when Gars mutations cause sensory pathology, and to determine the effect that this has on sensation of the external environment.
Results

Gars C201R/+ dorsal root ganglion (DRG) cultures have a smaller percentage of large area sensory neurons
We began our CMT2D sensory nervous system analysis by culturing primary DRG neurons from wild-type and Gars C201R/+ mice. This model of CMT2D has a mutageninduced T456C alteration in the endogenous mouse Gars gene, causing a cysteine-toarginine switch at residue 201; this produces a range of peripheral nerve defects without affecting survival, reminiscent of CMT2D (12) . DRG are heterogeneous collections of neural crest-derived sensory neuron cell bodies found in pairs at each level of the spinal cord, from where they project to and receive information from target peripheral tissues. We chose the initial time point of one month, because the Gars C201R/+ mice are beginning to show overt symptoms, and we have previously performed detailed analyses of their neuromuscular synapses at this age (26) .
Thoracic and lumbar DRG sensory neurons were cultured from wild-type and mutant mice, fixed 24 h later, and stained with the pan-neuronal marker βIII-tubulin to highlight afferent nerve cell somas and processes (Fig. 1A) . Mutant cultures showed no difference from wild-type in the percentage of cells bearing neurites (Fig. 1B, top left) or the length of the longest neurite ( Fig. 1B, top right) ; however, there was a significant reduction in the cell body area of Gars C201R/+ neurons (Fig. 1B , bottom left). Cultures were also co-stained with the apoptotic marker activated caspase 3, and average fluorescence intensity per neuron measured at 4, 48, and 96 h post-plating (Fig. 1B , bottom right). There was no difference between genotypes, suggesting that mutant neurons are as healthy as wild-type up to four days in culture, and that cell death in vitro is unlikely to be a major contributing factor to the diminished soma area phenotype. Sensory neurons can be broadly subdivided into functional classes based on their stimulus response; for example, mechanosensitive neurons that respond to touch, proprioceptive neurons that sense the body's position in space, and nociceptors that relay noxious stimuli. These classes have been linked to a range of anatomical and physiological characteristics, such as cell soma size, protein markers, and electrophysiological properties, which can be used for reliable functional identification (24, 27) . Disparate sensory subtype sensitivities have previously been observed in mouse models of peripheral nerve disease (28, 29) . In order to see whether a particular kind of sensory neuron may be preferentially affected by the Gars C201R mutation, we divided the ßIII-tubulin + cell bodies into small, medium, and large area neurons based on previously suggested criteria (30) . Within these size groups, we again saw no difference between wild-type and mutant neurite length or cell death levels ( Fig. S1 ). However, we did observe a significantly smaller percentage of large area neurons in Gars C201R/+ cultures (Fig. 1C ). This result confirms the smaller average mutant cell body area and begins to clarify the etiology of the phenotype, as it could have been due to an increase in small area neurons without large soma neurons being affected. Supplementary Figure 1 . Different classes of mutant sensory neuron, based on cell soma size, are equally unaffected. (A) Small (<315 µm 2 ), medium (315-706 µm 2 ), and large (>706 µm 2 ) area sensory neurons show no difference in the longest neurite length between wild-type and Gars C201R/+ cultures. Neurons were stained with anti-ßIII-tubulin. P = 0.05, Kruskal-Wallis test, P > 0.05, Dunn's multiple comparison tests between wild-type and mutant samples of all cell sizes (excluding "All" category, which was tested in Fig. 1B , top right). (B) There is also no evidence for greater cell death, as assessed by cleaved-caspase 3 fluorescence intensity per neuron. 4 h time point, P = 0.047, Kruskal-Wallis test, P > 0.05, Dunn's multiple comparison tests between wild-type and mutant samples of all cell sizes; 48 h time point, two-way ANOVA (P = 0.018, cell body size; P = 0.729, genotype; P = 0.739, interaction); 96 h time point, two-way ANOVA (P = 0.362, cell body size; P = 0.071, genotype; P = 0.099, interaction). a.u., arbitrary units. Four mice/genotype were analysed.
To differentiate between large and small sensory neurons at the molecular level, and thereby rule out the smaller body size of mutant mice as being the cause of the reduced cell soma area, anti-neurofilament 200 (NF200) was used to mark mediumlarge neurons with myelinated axons (Fig. S2A ), often described as A-fibres (31) . Corroborating the cell body measurements, Gars C201R/+ cultures had a significantly smaller percentage of ßIII-tubulin + cells (green) that expressed NF200 (red) than wild-type ( Fig. 1D -E). We have thus confirmed at both the morphological and biochemical levels that mutant Gars DRG cultures display a significantly reduced percentage of large area neurons. Figure 2 . Immunohistochemical analysis of functional sensory neuron subtype markers. (A) Different functional classes of sensory neurons can be identified based on the expression of marker proteins. NF200 and peripherin are mostly exclusively expressed in medium-large (A-fibres) and small (Aδ and C-fibres) sensory nerves, respectively. Those NF200 + cells that lack parvalbumin expression are considered to be mechanoreceptive neurons, while those that are parvalbumin + are proprioceptive (A, left-hand side). Peripherin + cells that co-stain with isolectin B4 (IB4), but not calcitonin gene-related peptide (CGRP), are non-peptidergic, mainly mechanical nociceptors, and those peripherin + cells that are labelled with CGRP, but not IB4, are peptidergic, principally thermal nociceptors (A, right-hand side). (B) Representative example of co-staining with DAPI (white), peripherin (green), and NF200 (red). The asterisk highlights a NF200 + /peripherinmedium-large neuron, and the arrowhead marks a NF200 -/peripherin + small neuron. The arrow identifies an infrequently seen (≈ 2-3%) cell type that expresses both NF200 and peripherin. A second such cell (yellow) can be seen towards the bottom of the merged image. (C) Representative example of costaining with ßIII-tubulin (white), parvalbumin (green), and NF200 (red). The asterisk identifies a NF200 + /parvalbumincell likely to be a mechanoreceptive sensory neuron, the arrow marks a NF200 + /parvalbumin + proprioceptive nerve, and the arrowhead highlights a rare NF200 -/parvalbumin + cell. (D) Representative example of co-staining with peripherin (white), IB4 (green), and CGRP (red). The arrowhead identifies a peripherin + /IB4 + /CGRPneuron, which is likely a mechanosensitive nociceptor, the asterisk marks a peripherin + /IB4 -/CGRP + nociceptor probably sensitive to noxious thermal stimuli, and the arrow highlights an uncommon (≈ 1%) example of a peripherin -/IB4 -/CGRP + cell. All images are collapsed Z-stacks taken of one month wild-type DRG. Scale bars = 50 µm.
Supplementary
Sensory identity is perturbed in vivo
To determine whether the in vitro sensory phenotypes are also detected in vivo, lumbar DRG were dissected from one month old animals, sectioned, and immunohistochemical analysis performed using established markers. Staining for βIII-tubulin (green, Fig. 2A ), we were able to replicate the in vitro phenotype of significantly reduced soma size in Gars C201R/+ DRG in vivo (Fig. 2B ). In addition to NF200, peripherin expression can simultaneously demarcate cell somas of small diameter neurons with thinly myelinated or unmyelinated axons (Aδ-and C-fibres, Fig. S2A ) (32) , with expression of the two markers being largely mutually exclusive (33) . There is some contention as to whether NF200 and peripherin are good indicators of myelination (34) ; nevertheless, they are well established neuronal size indicators. Anti-NF200 and anti-peripherin were thus used to identify medium-large (red) and small (green) sensory neurons, respectively ( Fig. 2C and S2B ). Gars C201R/+ DRG show a significantly smaller percentage of NF200-expressing cells ( Fig. 2D ) and a reciprocal increase in the percentage of peripherin + cells ( Fig. 2E ). There was only a small degree of co-expression between the two markers (2.3 ± 0.3% versus 2.5 ± 0.4%). The percentage of NF200-expressing wild-type cells is similar to previously reported (35) . We have thus shown that the in vitro Gars C201R/+ sensory phenotype of having a smaller percentage of large area/NF200 + cells is replicated in vivo. To determine whether NF200-expressing cells are selectively affected, DRG sections were tested for the presence of activated caspase 3 (green, Fig. S3A -C). Similar to the in vitro results, mutant DRG sections showed no increase in cleaved-caspase 3 signal ( Fig. S3B ), indicating that differential post-natal cell death is unlikely to be playing a critical role in the reduced percentage of NF200 + cells. To test whether mutant ganglia contain increased numbers of peripherin-expressing cells, serial sectioning of L5 DRG was performed (Fig. S3D ). The L5 DRG was chosen due to its size and because the resident sensory neurons target distal tissues of the hind limbs, where neuromuscular pathology has been observed in Gars mice (11, 15, 26) . Counting ßIIItubulin + (red) cell profiles to estimate the number of neurons per DRG, we found no difference between wild-type and mutant ganglia ( Fig. S3E ). These profile counts are similar to published approximations from both mouse and rat (36, 37) . Given the lack of cell death and similar cell profile counts, the alteration of sensory subtypes in Gars C201R/+ DRG at one month in vivo are consistent with a perturbation of neuronal fate. 
The alteration in sensory neuron subtypes correlates with overall disease burden in CMT2D mice
We have previously shown that NMJ pathology correlates with CMT2D severity by comparing Gars C201R/+ with the more severe Gars Nmf249/+ mouse mutant (26, 38) , which displays frank denervation, peripheral axon loss, and genetic backgrounddependent mortality at 6-8 weeks (11) . This model has a spontaneous CC-to-AAATA mutation causing proline at residue 278 to be substituted for lysine and tyrosine (11) . Similar to the milder allele, one month old Gars Nmf249/+ DRG possessed a significantly lower percentage of NF200 + (red) somas ( Fig. S4A-B ) and a significantly greater percentage of peripherin + (green) neurons compared to wild-type ( Fig. S4A and C). When the values from both mutant alleles were compared, Gars Nmf249/+ DRG had a significantly lower percentage of NF200-expressing cells than Gars C201R/+ (Fig. S4B ), and a significantly higher percentage of peripherin + cells ( Fig. S4C ). Importantly, the results hold true when Gars C201R/+ and Gars Nmf249/+ mutant percentage values relative to their respective wild-types are statistically compared for both NF200 (Gars C201R/+ , 79.1±3.4% versus Gars Nmf249/+ , 56.6±7.4%) and peripherin staining (Gars C201R/+ , 114.2±2.5% versus Gars Nmf249/+ , 124.9±4.6%) (data not shown, P < 0.05, Sidak's multiple comparisons test). This indicates that the DRG phenotype correlates with the severity of the Gars allele. Moreover, no differences in activated caspase 3 were observed between wild-type and Gars Nmf249/+ ganglia ( Fig. S4D ), once again suggesting that cell death is unlikely to be a major contributor to this cellular phenotype.
Supplementary Figure 4. Gars mouse DRG defects correlate with mutant severity. (A)
Representative single confocal plane images of one month old DRG taken from wild-type (left) and the more severe CMT2D mutant mouse model, Gars Nmf249/+ , stained for peripherin (green) and NF200 (red). Scale bars = 100 µm. (B-C) Gars Nmf249/+ mice display a significant reduction in the percentage of NF200 + cells (B, P < 0.001, one-way ANOVA), and a concomitant decrease in the percentage of peripherin + cells (C, P < 0.001, one-way ANOVA) compared to both wild-type and Gars C201R/+ mice. NS, not significant, * P < 0.05, *** P < 0.001, Sidak's multiple comparisons test. Gars C201R/+ data are taken from Fig. 2 
. (D)
There is no evidence for increased levels of cell death in the Gars Nmf249/+ DRG, as assessed by activated caspase 3 staining. a.u., arbitrary units. P = 0.882, unpaired t-test.
Mutant mechanoreceptors and proprioceptors are equally affected, as are nociceptor subtypes
Staining for NF200 and peripherin can narrow down sensory neuron classification, but cannot pinpoint function. We therefore used additional markers that broadly relate to the relayed sensory cues. Medium to large area neurons positive for NF200 can be subdivided into two main classes based on the absence or presence of parvalbumin ( Fig. S2A ). Sensory neurons expressing NF200, but lacking parvalbumin are largely regarded as mechanosensitive cells, whereas those NF200 + neurons co-expressing parvalbumin are proprioceptive (24, 25) . Parvalbumin also labels a small population of low threshold cutaneous mechanoreceptive neurons, so there is the minor caveat that not all parvalbumin + neurons are proprioceptive (39) . Small area, peripherin-expressing neurons can also be divided into non-peptidergic, principally mechanical nociceptors and peptidergic, mainly thermal nociceptors based on the binding of isolectin B4 (IB4) and the expression of calcitonin gene-related peptide (CGRP), respectively ( Fig. S2A ) (40) (41) (42) . However, ablation of CGRP + neurons has an effect on a small proportion of the IB4 + population (43) . Wild-type and Gars C201R/+ DRG sections were first stained with ßIII-tubulin (blue), NF200 (red), and parvalbumin (green), and the percentage of NF200 + cells expressing parvalbumin assessed ( Fig.  S2C and 5A-B ). There was no difference between genotypes in the expression of parvalbumin ( Fig. S5C ), suggesting that, because there are fewer NF200 + cells in mutant DRG, mechanoreceptive and proprioceptive neurons are equally affected by mutant Gars. Wild-type and Gars C201R/+ DRG also showed similar percentages of peripherin + (blue) cells either binding IB4 (green) or expressing CGRP (red) ( Fig.  S5B , D, and S2D), suggesting that different subtypes of nociceptor are also equally affected in mutant mice. Images are single confocal planes. Scale bars = 100 µm. (C) Gars C201R/+ DRG show no difference in the percentage of NF200 + cells that co-stain for the proprioceptive marker parvalbumin (Pv). P = 0.768, unpaired t-test between Pvcells. (D) There is also no difference between the percentages of wild-type and mutant peripherin + sensory neurons expressing either IB4 or CGRP. P = 0.964 and P = 0.132, unpaired t-test between IB4 + cells and CGRP + cells, respectively. Four mice/genotype were analysed.
Peripheral but not central sensory nerve endings are anatomically altered in Gars C201R/+ mice DRG neurons possess a single axon that projects from the cell body before bifurcating and sending one branch distally to peripheral tissues and another centrally to the dorsal horn of the spinal cord. Given the altered frequencies of large and small area DRG neurons found in CMT2D mice ( Fig. 1-2 and S3-5), both distal and central sensory nerve endings were analysed. As mutant ganglia possess fewer NF200 + cells, we hypothesised that proprioceptive nerve endings would be impaired. We therefore performed serial transverse sectioning along the entire length of one month old wildtype and Gars C201R/+ soleus muscles, in order to assess muscle spindle number and architecture. Spindles are the highly specialised terminals of proprioceptive neurons important for sensing the state of muscle contraction. Sections were stained with DAPI (blue), SV2/2H3 (green), and laminin (red), to identify nuclei, spindles, and the basement membrane, respectively (Fig. 3A) . The SV2/2H3 antibody combination identified spindles, as assessed by their stereotypical architecture, whilst additional antibodies against the classic spindle markers parvalbumin and Vglut1 were ineffective (Table S2 ). Consistent with the reduced number of NF200 + /parvalbumin + DRG sensory neurons ( Fig. 2 and S5 ), mutant mice had significantly fewer spindles per soleus muscle ( Fig. 3B ), while wild-type counts were similar to previously reported (44) . Furthermore, we found a dramatic decrease in the percentage of fully innervated spindles ( Fig. 3C ). As there are also significantly more peripherin-expressing, pain-sensing neurons in mutant DRG ( Fig. 2 and S5 ), we also assessed nociceptor termini in the skin. Plantar punches of the hind paws were sectioned and stained from one month old mice, and the percentage coverage of the superficial dermis by the axonal marker PGP9.5 assessed (green, Fig. 3D ). This method was preferred to intraepidermal nerve fibre counts because it allows a more accurate comparison across different ages. We saw an increase in the peripheral nociceptor innervation in mutant animals ( Fig. 3E ). Although this did not quite reach significance when tested in isolation, when analysed with data from additional time points, the result was significant (Fig. S8B ). The cellular DRG phenotypes of one month old mutant animals therefore correlate with distal proprioceptive and nociceptive sensory neuron deficiencies.
In addition to targeting different peripheral regions for sensing the external environment, sensory neuron subtypes relay their signals to distinct, partially overlapping spinal cord laminae in the dorsal horn. Nociceptors generally form synapses in superficial laminae, numbered I-II, mechanosensitive neurons terminate in deeper laminae III-V, and proprioceptive nerves directly connect centrally and ventrally with interneurons and motor neurons, respectively (25) . We therefore sectioned and stained the lumbar spinal cord of one month old mice for the postsynaptic protein PSD95 (green) and the pre-synaptic marker synaptophysin (red) to identify and count synapses in laminae I-III ( Fig. S6A-B ). Sensory synapses within dorsal laminae IV-V, central, and ventral regions are more widely dispersed and intermingle with a greater number of non-sensory synapses, thus making them more difficult to accurately quantify, so there is the caveat that these analyses do not cover all sensory subtypes. Furthermore, these synapses are not necessarily all sensory. IB4 (blue) was also applied to the sections to aid in the stereotypic anatomical identification of the different laminae. First using PSD95, we saw no difference between wild-type and mutant synaptic density per 100 µm 2 of lamina I, outer lamina II (IIo), inner lamina II (IIi), or lamina III (Fig. S6C, left) . This result was replicated using synaptophysin ( Fig. S6C, right ), suggesting that despite Gars mice having distorted proportions of sensory subtypes in DRG, homeostatic mechanisms regulate afferent entry into the spinal cord in order to maintain consistent synapse numbers. (B) Representative images of the deconvolution and thresholding processes used to analyse synapse numbers in distinct laminae (see methods). (C) There is no difference in synapse density in dorsal horn laminae I-III between wild-type and Gars C201R/+ mice when using either PSD95 (two-way ANOVA, P < 0.001, lamina; P = 0.170, genotype; P = 0.472, interaction) or synaptophysin (two-way ANOVA, P = 0.002, lamina; P = 0.847, genotype; P = 0.908, interaction) to assess synapse numbers. Intra-laminae comparisons between genotypes also show no difference (P > 0.05, Sidak's multiple comparisons test). IIo and IIi, outer and inner regions of lamina II, respectively. Four mice/genotype were analysed. Scale bars = 20 µm (A) and 2 µm (B).
Afferent neuron imbalance determines deficits in mutant sensory behaviour
Subtle alterations in the relative abundance of sensory subtypes may or may not cause macroscopic phenotypes and therefore be biologically relevant; we consequently performed four different sensory behavioural tests that broadly depend upon the sensory neuron subtypes that we have assessed in DRG (Fig. S2A) . The Von Frey test employs monofilaments of increasing rigidity that are used to apply a specific mechanical stimulus to the hind paws of mice. A response to this test is likely to be mediated, at least in part, by NF200 + /parvalbuminneurons. The beam-walking test involves filming mice as they run along a long, thin beam, and then using the videos to assess the percentage of correct foot placements. Amongst other things, this test evaluates the proprioception abilities, and thus the functioning of NF200 + /parvalbumin + neurons. The Randall-Selitto test assesses a withdrawal response to noxious mechanical stimuli of increasing force either on the hind paw or tail, which requires the activation of mechanical nociceptors, which have been suggested to be non-peptidergic fibres (i.e. peripherin + /IB4 + /CGRPneurons) (42) . Finally, the Hargreaves test examines the function of thermal nociceptors postulated to be the peptidergic fibres (peripherin + /IB4 -/CGRP + neurons) (42), using a noxious heat source on the hind paws and measuring the latency to withdrawal. These four tests were performed on one and three month old wild-type and Gars C201R/+ mice cohorts ( Fig. 4 and Tables S3-7). The three month time point was chosen as a later symptomatic age and to provide a useful comparison with previously generated neuromuscular data (26) . Concordant with the significantly reduced numbers of NF200-expressing DRG neurons, mutant animals displayed significant defects in reflex withdrawal to a von Frey stimulus at three months and proprioception at both time points ( Fig. 4A-B ). Moreover, Gars mice showed significant hypersensitivity to both noxious mechanical and thermal stimuli at both one and three months ( Fig. 4C-D) , consistent with the increased numbers of peripherin + cells in the DRG. When comparing one and three month relative values for Gars C201R/+ , only the beamwalking test became progressively worse. The force required to elicit a response in the Von Frey test is significantly greater for Gars C201R/+ mice, suggestive of a defect in mechanosensation. Two-way ANOVA (P < 0.001, age; P < 0.001, genotype; P = 0.369, interaction). The defect does not worsen over time (P = 0.559, unpaired t-test). (B) In the beam-walking test, mutant mice make significantly more incorrect hind paw steps, perhaps due to defective proprioception. P < 0.001, Kruskal-Wallis test, *** P < 0.001 Dunn's multiple comparison test. This deficiency is exacerbated from one to three months (P = 0.030, unpaired t-test). (C) In stark contrast to the Von Frey test results, mutant mice display hypersensitivity to noxious mechanical stimuli on both the hind paw (P = 0.514, age; P < 0.001, genotype; P = 0.347, interaction, two-way ANOVA) and tail (P < 0.001, age; P < 0.001, genotype; P = 0.138, interaction, two-way ANOVA), as assessed by the Randall-Selitto test. These defects do not worsen with time (P = 0.177 and 0.505, unpaired t-test). (D) Mutant mice also respond faster than wild-type animals to a painful heat source directed to the hind paw, indicative of hypersensitivity to noxious thermal stimuli. Two-way ANOVA (P = 0.017, age; P < 0.001, genotype; P = 0.109, interaction). The defect does not worsen over time (P = 0.103, unpaired t-test). * P < 0.05, ** P < 0.01, *** P < 0.001, Sidak's multiple comparisons test (A, C-D). 15 wild-type and 18 Gars C201R/+ mice were analysed in A-B, D, and 11 wild-type and 13 Gars C201R/+ mice were analysed in C. The statistical tests represented on the figures were performed on raw data (Tables S3-7) , while the percentages relative to wild-type, which are plotted, were used to compare mutant progression over time. See also Fig. S7 and Tables S8-9. We also performed motor behaviour testing at the same time points, in order to see whether motor deficits may be contributing to the observed sensory behaviour phenotypes ( Fig. S7 and Tables S8-9). Grip strength tests were performed to assess fore and hind limb muscle force and the accelerating Rota-Rod was implemented to measure the complex relationship between motor ability, balance, coordination, and proprioception. We found that both female and male mutant mice showed significant defects in both tests, but, like the sensory behaviours, these did not appear to worsen with age. These motor test results suggest that motor deficiencies may indeed contribute to the mechanosensation and proprioception deficits seen in the Gars C201R/+ mice (Fig. 4A-B ). However, given that the beam-walking deficit, but not the grip strength defect, is progressive from one to three months, it appears as though the defective proprioception is partially independent of motor impairment. Furthermore, given that mutant animals are responding quicker to noxious stimuli ( Fig. 4C-D) , the motor defects are unlikely to be integral to the pain hypersensitivity. It is worth emphasising that the mutants showed a previously unreported phenotype of reduced mechanosensation (Fig. 4A ) with the contrasting enhancement of mechanical nociception (Fig. 4C ). In summary, the behavioural testing shows that Gars mice display multiple disturbances of sensory behaviour that correlate with the cellular phenotypes observed in DRG. Supplementary Figure 7 . Gars C201R/+ mice display motor defects that remain relatively stable from one to three months. (A-B) Both female and male Gars C201R/+ mice show a significant reduction in grip strength compared to wild-type mice of the same sex at one (A, two-way ANOVA, P = 0.854, sex; *** P < 0.001, genotype; P = 0.616, interaction) and three (B, two-way ANOVA, P < 0.001, sex; *** P < 0.001, genotype; P = 0.037, interaction) months. (C-D) Similarly, Gars C201R/+ mice show a significant reduction in the time taken to fall off an accelerating Rota-Rod at one (C, two-way ANOVA, P = 0.326, sex; ** P = 0.007, genotype; P = 0.188, interaction) and three months (D, twoway ANOVA, P < 0.001, sex; * P = 0.010, genotype; P = 0.972, interaction). In both behavioural tests, the mutant defects remained relatively stable from one to three months (female grip strength, P = 0.523; male grip strength, P = 0.155; female Rota-Rod, P = 0.556; male Rota-Rod, P = 0.590, unpaired t-test). Six mice/genotype/sex were analysed. The statistical tests of significance represented on the figures were performed on raw data ( Supplementary Tables 8 and 9 ), while the percentages relative to wild-type, which are plotted, were used to compare mutant progression over time.
Gars C201R/+ mice display developmental sensory deficits In order to see whether the cellular sensory phenotype gets progressively worse with time, we analysed DRG from one day (postnatal day 1, P1) and three month old mice. We were again able to demonstrate at both time points the presence of significantly fewer mutant NF200 + neurons (Fig. 5A ) and more peripherin + cells (Fig. 5B) , confirming the result at one month. Comparing the percentages of NF200 + and peripherin + cells in mutant samples relative to wild-type, we see no significant differences between any of the time points (P > 0.05, Sidak's multiple comparisons test). We have thus shown that the disturbed population of sensory neuron subtypes resident in the mutant DRG are present at birth and do not change by early adulthood.
Figure 5. Gars C201R/+ sensory neurons display developmental defects. (A)
Gars mutant DRG display significantly smaller percentages of NF200 + cells at P1, one month, and three months, suggestive of a non-progressive, pre-natal defect. The average percentage of NF200 + cells in mutant DRG is 74.4% (P1), 79.1% (one month), and 79.4% (three months) relative to wild-type. Two-way ANOVA (P = 0.011, age; P < 0.001, genotype; P = 0.973, interaction). (B) Mutant DRG show a reciprocal increase in the percentage of cells expressing peripherin at all three time points. The mean percentage of peripherin + cells in mutant DRG relative to wild-type is 110.9% (P1), 114.2% (one month), and 114.3% (three months). Two-way ANOVA (P < 0.001, age; P < 0.001, genotype; P = 0.769, interaction). Statistical analyses are performed on raw data and not percentages relative to wild-type (A-B). (C, E) Representative single confocal plane, tile scan images of ventral (C) and dorsal (E) aspects of an E13.5 hind paw stained for neurofilament (2H3, green). The arrows depict distances from the major nerve branches to the tips of the toes measured in D and F, and the dashed line the dorsal foot plate in which branching density was assessed in G. Scale bars = 250 µm. (D, F-G) There was no difference between wild-type and mutant mice in the targeting of sensory nerves to the hind paw extremities on ventral (D, P = 0.413, unpaired t-test) or dorsal sides (F, P = 0.629, unpaired t-test). However, Gars C201R/+ neurons display reduced branching in the dorsal foot plate (G, * P = 0.0376, unpaired t-test). Statistical analyses were performed on percentage values relative to the wild-type mean. 3-9 mice/genotype per time point were analysed. See also Fig. S8 .
Cleaved-caspase 3 levels also did not differ, suggesting that cell death is playing no major role in the onset and/or maintenance of this phenotype (Fig. S8A ). We also assessed intraepidermal nerve fibre density at P1 and three months. Contrasting with the one month data, we saw no difference between wild-type and mutant at these early and late time points (Fig. S8B ). Innervation density declines over time in both mutant and wild-type animals; however, it appears to take longer in the Gars C201R/+ mice.
Supplementary Figure 8. Longitudinal analysis of cell death in lumbar DRG and intraepidermal nerve fibre density in glabrous hind paw. (A)
There is no difference in the cleaved-caspase 3 fluorescence intensity per neuron between wild-type and Gars C201R/+ DRG at any time point tested, suggesting that cell death is not accounting for the observed DRG cellular phenotype. Two-way ANOVA (P < 0.001, age; P = 0.444, genotype; P = 0.413, interaction). (B) PGP9.5 staining in the hind paw epidermis of wild-type mice decreases progressively from P1 to three months. Gars C201R/+ mice show no difference at P1, significantly more innervation at one month, but then no difference again at three months. Two-way ANOVA (P = 0.002, age; P = 0.013, genotype; P = 0.132, interaction). * P < 0.05, ** P < 0.01, Sidak's multiple comparisons test. In order to confirm whether sensory nerve development is affected in Gars mutant mice, we analysed axonal projections of small diameter sensory neurons in wholemount hind paws of E13.5 embryos (45, 46) . To assess axonal extension, we measured the distance from the main nerve trunk termini innervating the foot plate to the tips of the embryonic digits ( Fig. 5C, E) . We saw no difference in either the ventral (Fig. 5D ) or the dorsal (Fig. 5F ) nerve, indicating that nerve terminal extension is unaffected. However, we found that mutant nerves display a significant reduction in branch density in the dorsal floor plate (Fig. 5G ). This suggests that arborisation of mutant TrkA + sensory neurons is impaired, and that Gars C201R/+ mice display developmental perturbations in the sensory nervous system.
Mutant thermal nociceptors display greater excitability
Cell autonomous differences in neuronal excitability (12) may contribute to the pain hypersensitivity phenotype of Gars mice (Fig. 4) . We therefore cultured DRG neurons from one month old animals and performed calcium imaging experiments using the ratiometric calcium indicator fura-2 (47) . We saw no difference in the baseline fura-2 ratio between wild-type and Gars C201R/+ sensory neurons (data not shown, 0.840 ± 0.012 versus 0.835 ± 0.014, P = 0.787, unpaired t-test), suggestive of equivalent resting state calcium levels in wild-type and mutant neurons. When 50 mM KCl was applied to the cells to trigger depolarisation, there was also no difference in the elicited response (Fig. 6A ). In these live DRG cultures, NF200 + and peripherin + neurons cannot be readily differentiated. We therefore applied 1 µM capsaicin, which activates the non-selective cation channel TRPV1 (48) , in order to functionally differentiate thermal nociceptors. Addition of capsaicin precipitated a greater relative change in the fura-2 ratio of capsaicin-responsive Gars C201R/+ than wild-type neurons (Fig. 6B) , and this appears to be a general defect rather than a larger response from a sub-selection of capsaicin-responsive neurons. These experiments therefore indicate that mutant thermal nociceptors are intrinsically hyper-responsive to painful stimuli, which is likely to contribute to the pain hypersensitivity phenotype observed in adult Gars C201R/+ mice. The increase in cytosolic calcium concentration upon stimulation by 1 µM capsaicin is greater in Gars C201R/+ than wild-type neurons. Only data generated from capsaicinresponsive cells (i.e. thermal nociceptors) are included in these graphs. Wild-type and mutant cells display similar baseline calcium levels, but capsaicin triggers a significantly larger increase in the fura-2 ratio (340 nm:380 nm) in Gars C201R/+ neurons (right, * P = 0.0236, unpaired t-test).
Discussion
CMT2D patients display both motor and sensory pathology, yet the sensory component has received little attention both in humans and animal models. We therefore performed a detailed examination of the sensory system of CMT2D mice in order to better understand the afferent nerve pathogenesis (see Fig. 7 for an overview). We found that mutant DRG possess fewer large diameter, NF200 + cells and a concomitant increase in the number of small diameter, peripherin + neurons (Fig.  1-2) , a phenotype that nicely correlates with CMT2D mutant severity (Fig. S4) , and alterations in sensory behaviour (Fig. 4) . Assessment of activated caspase 3 levels and DRG neuron counts indicate that this phenotype is unlikely to be caused by post-natal cell death or defective neural crest migration and survival, but is rather a developmental sensory subtype switch (Fig. S3 ). Consistent with pre-natal onset, the DRG phenotype is present at birth ( Fig. 5A-B) . Moreover, embryonic sensory nerve branching in the mutant hind paw is defective (Fig. 5G) , similar to the previously reported impairment in facial motor neuron migration (18) . Using several markers for sensory function, we observed that mechanoreceptive and proprioceptive neurons are equally affected by Gars mutation, as are non-peptidergic and peptidergic nociceptors (Fig. S5) . The pathological effect of mutant GlyRS could therefore be triggered by the differential expression of specific genes integral to sensory diversification between the mutually exclusive NF200 + and peripherin + neuronal populations (e.g. tropomyosin receptor kinase (Trk) receptors) (49) . Differences in cellular origin or timing of gene expression leading to subtype specification could also contribute to the DRG phenotype (50, 51) .
CMT2D-associated mutant GlyRS was recently shown to aberrantly bind to and antagonise the neuronal receptor protein NRP1 (18) . Although NRP1 was the focus of that study, mutant GlyRS was shown to aberrantly interact with a number of other proteins found on the neuronal surface, albeit to a lesser degree (18) . One of these proteins was TrkB, a neurotrophin receptor that, once activated, specifically drives differentiation and survival of mechanosensitive sensory neurons (52) . Similarly, TrkA and TrkC are pivotal to the survival of nociceptive and proprioceptive nerves, respectively (53, 54) . A previous study has shown that expression of TrkC from the TrkA locus caused a developmental fate switch in DRG sensory subtypes (55) . Given that GlyRS is expressed during early development (11, 12) , and that arborisation of TrkA + neurons is developmentally impaired in CMT2D mice (Fig. 5G) , it is not inconceivable that a low level of mutant GlyRS binding to TrkB, and possibly other Trk receptors, could subtly affect their ability to signal or induce transactivation, and thus subvert sensory neuron differentiation and/or survival during early stages of development. Interestingly, Gars C201R/C201R homozygous mutants display increased DRG cell numbers compared to littermate controls (12) , which may indicate that a higher dose of mutant protein could have a greater effect on the sensory system Figure 7 . CMT2D sensory nervous system pathology. Gars mutations distort the proportions of sensory neuron subpopulations in the DRG, such that mutant mice have fewer medium-large (red, NF200 + ) and more small (green, peripherin + ) area neurons from birth to at least three months (1). This does not affect synapse numbers within distinct spinal cord dorsal laminae (2), but may account for the previously reported (12) reduced axon calibre of sensory nerves (3) and the diminished number and innervation of muscle spindles in the soleus (4), both of which likely contribute to mutant mechanosensation and proprioception deficiencies (5) . Furthermore, mutant Gars nociceptors show delayed pruning in peripheral tissue (6) , hyperexcitability (7, left) , and the previously reported (12) increased sensory nerve action potential (SNAP) amplitude (7, right) . These phenotypes may be pertinent to the pain hypersensitivity observed in Gars mice (8) . Together, our work indicates that CMT2D may arise from the intricate interaction between subverted neurodevelopment and neurodegeneration. Scale bars = 100 µm (1), 50 µm (2 and 6), and 20 µm (4). The unaltered pictures of transverse sensory nerves (3) and graphically-depicted SNAP data (7) Regardless of the cause of the afferent imbalance in mutant DRG, it is clear that it represents a major, non-progressive, developmental component of the sensory phenotype of CMT2D mice. This is in agreement with the sensory phenotype not worsening from one to three months (except for proprioception, Fig. 4 ), and consistent with Gars C201R/+ sensory saphenous nerve showing a smaller average axon caliber, but no signs of degeneration or axon loss up to three months (12) . This nonprogressive sensory insult might also be seen in humans, as the extent of CMT2D patient sensory deficiency is reported to be reliant not upon disease duration, but severity (19) . Accordingly, without the initial developmental perturbation of the sensory system, afferent pathology may not arise, which could explain the predominantly motor presentation of dSMA-V patients. An element of mutant GARS-related sensory pathology may therefore be binary; if mutant GlyRS triggers the initial developmental insult, CMT2D will arise, but if not, then dSMA-V manifests.
In addition to a prenatal developmental disturbance, maturation and degenerative pathways are also contributing to GlyRS-mediated pathology. Gars C201R/+ mice possess significantly fewer muscle spindles and reduced innervation per spindle ( Fig.  3B-C) , which is probably reflective of reduced formation during development and subsequent degeneration. Together with the previously reported decrease in amplitude of sensory nerve action potentials (SNAPs) in large area neurons (1.7±0.2 µV versus 1.2±0.2 µV) (12) , both defects are likely to contribute to the defective proprioception, while progressive distal nerve deterioration perhaps accounts for proprioception being the only sensory behaviour to decline over time (Fig. 4B) . Therefore, it is conceivably not a coincidence that the ability of CMT2D patients to sense vibration is the most impaired sensory symptom.
We have previously shown that a developmental delay in NMJ maturation precedes synaptic degeneration in Gars mouse distal muscles (26) . Interestingly, we see a similar pruning deficiency in the intraepidermal nociceptors of the mutant hind paws (Fig. S8B ). We believe that this represents impairment of the early post-natal refinement of sensory architecture (56) (akin to the motor phenotype) as opposed to degeneration, as the latter would likely precipitate a reduction in the pain hypersensitivity phenotype by three months. To find an alternate explanation, we performed synapse counts in distinct spinal cord dorsal laminae ( Fig. S6 ) and calcium imaging experiments on primary DRG cultures (Fig. 6 ). We saw no difference between genotypes in dorsal horn synapse densities (Fig. S6C ). This suggests that homeostatic mechanisms are at work to restrict C-fibre entry into the spinal cord and that there is perhaps an excess of NF200 + neuronal branches targeting dorsal laminae in wild-type mice. Nevertheless, dorsal horn synapse counts do not assess synaptic strength and therefore it is uncertain whether or not central sensitisation has occurred. To assess this peripherally, we analysed cytosolic calcium dynamics, and found that mutant thermal nociceptors are more responsive to capsaicin than wild-type neurons (Fig. 6B) . The increased number of small area neurons and axons probably account for the previously reported (non-significant) increase in mutant C-fibre SNAP amplitude (312±60 µV versus 474±123 µV) (12) . Through activity-dependent mechanisms of peripheral or central plasticity, such as differential ion channel expression/phosphorylation or synaptic potentiation (57), we hypothesise that this, in turn, could alter neuronal excitability and at least partly explain the inherent thermal nociceptor hyperexcitability and the pain hypersensitivity phenotypes.
In summary, we have shown that CMT2D mice display numerous sensory symptoms that hinge upon a disturbed equilibrium between functional subtypes of afferent neurons. This phenotype is likely developmental in origin and could serve to explain the variable sensory pathology of GARS-associated neuropathy. In light of the range of deficits reported in Gars mice both here and elsewhere, we propose that CMT2D pathology reflects a complex interplay between developmental, maturation, and survival pathways, a conclusion that has profound implications for the development of novel therapies and timing of therapeutic intervention for the treatment of this disease.
Materials and Methods
Animals
Gars C201R/+ and Gars Nmf249/+ mice were maintained as heterozygote breeding pairs on a predominantly C57BL/6 background as described previously (11, 12, 58) . Mice sacrificed for the one month and three month time points were 28-36 and 88-97 days old, respectively. Post-natal day 1 (P1) was designated as the day following the day a litter was first found. To reduce the overall number of mice used, behavioural testing was performed on and multiple tissues were harvested from both males and females for this and other parallel studies (59) . Gars C201R/+ handling and experiments were performed under license from the United Kingdom Home Office in accordance with the Animals (Scientific Procedures) Act (1986), and approved by the University College London -Institute of Neurology Ethics Committee for work in London and by the University of Oxford Ethical Review Panel for experiments conducted in Oxford. Gars Nmf249/+ mouse husbandry and procedures were conducted in accordance with the NIH Guide for Care and Use of Laboratory Animals and approved by The Jackson Laboratory Animal Care and Use Committee. Ear clips were used to extract DNA as previously described (60) , and animals were genotyped using previously published protocols (11, 12, 58) .
DRG dissection and culturing
Ethanol-sterilised 12 mm coverslips (VWR International, Radnor, PA, MENZCB00120RAC20) placed in 24-well plates (Corning, New York, NY, 3524) were treated with 20 µg/ml poly-D-lysine (Becton Dickinson, Franklin Lakes, NJ, 354210) in Ca 2+ /Mg 2+ -free Hank's Balanced Salt Solution (HBSS, Life Technologies, Carlsbad, CA, 14170) for at least 12 h at 4°C. Wells were washed three times with Ca 2+ /Mg 2+ -free Dulbecco's phosphate buffered saline (DPBS, Life Technologies, 14190), and thoroughly dried. 10-20 µl HBSS containing 20 µg/ml laminin (Sigma Aldrich, St. Louis, MO, L2020) was pipetted onto the centre of coverslips to concentrate the neurons and incubated at 37°C for 4-6 h. DPBS was pipetted between wells to restrict evaporation of the laminin solution. DRG neurons used in calcium imaging experiments were plated in 8 well µ-slides (Ibidi, Martinsried, Germany, 80826) treated as above without coverslips. Before starting the dissection, a previously prepared and frozen collagenase/dispase enzyme solution was thawed at 37°C for no longer than 2 h before use; 24 mg collagenase type II (1 U/µl, Worthington Biochemical Corporation, Lakewood, NJ, 4176 or Life Technologies, 17101015) and 28 mg dispase II (Sigma, D4693) were added to 6 ml Ca 2+ /Mg 2+ -free HBSS, and filter-sterilised through a 0.22 µm filter (Appleton Woods, Birmingham, UK, FC121) before aliquotting and freezing. DRG were dissected as previously described (61). To limit technical variability, 20-24 DRG per animal were dissected from thoracic (T1-T13) and lumbar (L1-L5) spinal cord regions of one wild-type and one Gars C201R/+ mouse during the same culturing session. DRG were enzymatically digested at 37°C for 10 min in collagenase/dispase, before manual dissociation in cell media using a series of fire-polished glass Pasteur pipettes (VWR, 612-1701) of descending bore size. Cells were finally spun down at 1,000 x g for 5 min, before resuspension. The laminin solution was pipetted off the coverslips/µ-slides and a small volume of cells immediately added. Wild-type and mutant cells were plated at similar densities. Cells were kept at 37°C in a 5% (v/v) CO 2 humidified atmosphere. After 1-2 h, plate and µ-slide wells were carefully flooded with media to a total volume of 500 µl and 200 µl, respectively. F12 media + L-Glutamine (Life Technologies, 11765) was supplemented with 10% (v/v) foetal bovine serum (Life Technologies, 10270), 1% (v/v) penicillin-streptomycin (10,000 U/mL, Life Technologies, 15140), and freshly added 20 ng/ml mouse glial cell line-derived neurotrophic factor (Peprotech, Rocky Hill, NJ, 450-44) with 2 mg/ml bovine serum albumin (BSA, Sigma, 10735094001) carrier protein in water. For calcium imaging experiments, cultures were also supplemented with 50 ng/ml mouse nerve growth factor ß (Peprotech, 450-34) with 2 mg/ml BSA in water.
Cell and tissue immunohistochemistry
All steps were completed at room temperature, apart from overnight incubations, which were conducted at 4°C. For cell immunohistochemistry, DRG media was carefully aspirated 24 ± 1 h post-plating, and cells fixed with 4% (w/v) paraformaldehyde (PFA, Electron Microscopy Sciences, Hatfield, PA) for 20 min; 16% PFA stock was diluted in phosphate buffered saline (PBS, 137 mM NaCl [Sigma, S3014], 10 mM Na 2 HPO 4 [Sigma, S3264], 2.7 mM KCl [Sigma, P9541], 1.8 mM KH 2 PO 4 [Sigma, P9791]) to achieve the final working solution. Neurons were permeabilised for 30 min using 0.3% (w/v) Triton X-100 in PBS, before blocking for 30 min in permeabilisation solution containing 5% (w/v) BSA, and probing overnight with primary antibodies (see below) in block solution. The following day, coverslips were washed three times for 10 min in PBS, probed with secondary antibodies (see below) and 4',6-diamidino-2-phenylindole, dihydrochloride (DAPI, Life Technologies, D1306) for 2 h, and washed three times with PBS, before mounting on slides in fluorescence mounting medium (Dako, Glostrup Municipality, Denmark, S3023). Slides were kept in the fridge and allowed to set overnight before imaging.
For tissue immunohistochemistry, L1-L5 DRG were dissected and fixed in 4% PFA for 2 h, before washing in PBS, and equilibrating in 20% (w/v) sucrose (Sigma, S7903) in PBS overnight. Plantar punches were collected from the right hind paw using a 5 mm punch (Sigma, Z708771), fixed in 4% PFA overnight, placed in decalcifying solution (15% sucrose, 10% [w/v] ethylenediaminetetraacetic acid [EDTA, Sigma, E5134], 0.07% [w/v] glycerol [Sigma, G5516] in PBS) overnight, and treated with 20% sucrose in PBS overnight (62) . Soleus muscles and spinal cords were dissected from mice transcardially perfused with 4% PFA at a rate of ≈3 ml/min for 4-5 min. Soleus muscles were post-fixed for 2 h, before washing with PBS and leaving in 20% sucrose overnight (44) . Spinal cords were post-fixed overnight, washed with PBS, and placed in 20% sucrose overnight. The embryonic day 18.5 (E18.5) Kidins220 -/brain, used as a positive control for activated caspase 3 staining (63), was dissected in PBS, fixed for 2 h in 4% PFA, washed in PBS, and equilibrated in 20% sucrose in PBS overnight. All sucrose-treated tissues were embedded in Tissue-Tek O.C.T. Compound (Sakura Finetek, Torrance, CA, 4583), frozen on dry ice-chilled methanol (Sigma, 32213), and kept at -80°C. 10 µm L1-L5 DRG, one and three month plantar punch, and E18.5 brain sections, 12 µm soleus muscle sections, 20 µm P1 plantar punch sections, and 30 µm spinal cord sections were cut with an OTF Cryostat (Bright Instruments, Huntingdon, UK) and collected on polysine-coated slides (VWR, 631-0107). Transverse sections were cut from all tissues, except for the E18.5 Kidins220 -/brain (coronal), and the DRG, which were sectioned in stochastic orientations due to their spherical nature. Spinal cords were sectioned onto 12 parallel slides, L1-L5 DRG and the E18.5 brain onto eight parallel slides, soleus muscles and plantar punches on to four parallel slides, and all L5 DRG sections for neuron cell counts were collected onto 1-2 slides/DRG. All sections were air dried for 30-60 min Mounted cells were imaged using an Axioplan 2 microscope (Zeiss, Oberkochen, Germany), and single plane images analysed using ImageJ software (https://imagej.nih.gov/ij/). Cell bodies and processes of DRG neurons were visualised using the pan-neuronal marker ßIII-tubulin. To calculate the percentage of cells bearing neurites an average of 788 cells/coverslip were scored. Neuronal processes shorter than approximately half of the diameter of the cell body of the largest neurons (≈15 µm), as assessed by eye, were not counted as neurites. Neurite lengths were measured by manually plotting points along the length of a cell's longest process, and an average of 51 cells/coverslip were assessed. Cell body area was measured by manually drawing around the circumference of the cell body, and an average of 202 cells/coverslip were assessed. To assess cleaved-caspase 3 staining, the average fluorescence intensity of ßIII-tubulin + cell bodies was calculated for each coverslip, and the mean cell body fluorescence from the secondary only control was subtracted. DRG neurons were plated onto multiple coverslips, which were then PFAfixed at different times post-plating (4, 48, and 96 h). Coverslips were simultaneously processed, and images acquired with the same confocal settings, so that fluorescence intensity could be compared across time points. An average of 57 cells/coverslip were assessed for cleaved-caspase 3 intensity. To categorise neurons, cells were divided into small (<315 µm 2 ), medium (315-706 µm 2 ), and large (>706 µm 2 ) groups based on previously published criteria (30) , and an average of 202 cells/coverslip were assessed. To assess the percentage of ßIII-tubulin + cells expressing NF200, an average of 241 cells/coverslip were scored by eye. All DRG culture analyses include multiple coverslips (1-3)/animal and were performed blinded to genotype.
Tissue imaging and analysis
All mounted tissues, except for spinal cord sections, were imaged using a LSM 780 laser scanning microscope (Zeiss), and images analysed using ImageJ software. To measure the area of ßIII-tubulin + profiles in L1-L5 DRG sections, Z-stack images were taken with a 20x objective, and 3D projected (Max Intensity) images used to draw around the circumference of cell profiles. The areas of 300 profiles/DRG were averaged from three DRG to generate a single mean value for each mouse. Single plane, tile scan images of L1-L5 DRG sections were taken with a 10x or 20x objective in order to calculate the percentages of CGRP + , IB4 + , NF200 + , peripherin + , and parvalbumin + cells. The Cell Counter ImageJ plugin was used to avoid recounting cells. An average of 470 profiles/DRG from three DRG were scored and used to calculate a mean value for each mouse. Cleaved-caspase 3 expression levels were assessed by measuring the average fluorescence intensity of each DRG section, and subtracting from this value the fluorescence of secondary-only control sections. All slides within a time point (i.e. P1, one, and three months) were processed in parallel and images acquired in the same session with identical settings. Three sections/DRG were used to produce a mean value for each DRG, which was then averaged across three DRG to get a cleaved-caspase 3 fluorescence intensity for each mouse. To perform ßIII-tubulin + profile counts in L5 DRG, the volume of each DRG (in mm 3 ) was estimated by calculating the mean area (in mm 2 ) of 15-17 evenlyspaced sections and then multiplying this value by the section thickness and the number of sections taken for each DRG . The number of ßIII-tubulin + profiles was counted in each of the 15-17 sections and averaged to get an estimate of neuron density (neurons/mm 3 ). DRG volume and neuron density values were then used to estimate the number of profiles/L5 DRG. For soleus muscle spindle analyses, a full series of sections across the length of each muscle was used to count the number of spindles. Muscle spindles were identified based on SV2/2H3 fluorescence and, because this antibody combination is also used to visualise NMJs (64), stereotypical architecture. Spindle innervation status was assessed by eye by scoring the percentage of spindles displaying the characteristic circular SV2/2H3 fluorescence surrounding central, large circular nuclei (e.g. Fig. 3A , wild-type). Spindles lacking this staining around at least one nuclei were designated as not fully innervated (e.g. Fig. 3A , Gars C201R/+ ). All muscle spindles within each muscle were assessed. To analyse intraepidermal nerve fibre density, Z-stack images of the epidermis were taken of the central region of the lateral edge of glabrous hind paw using a 20x objective. Images were 3D projected (Max Intensity), uniformly thresholded across samples (PGP9.5 staining assigned to black and background to white), and all particles analysed within the epidermis. The summed pixel area was then divided by the epidermis area to get a percentage coverage of PGP9.5 staining/10 µm section. This value was halved for P1 samples, which were sectioned at twice the thickness of the one and three month plantar punches. Samples within time points were simultaneously processed and imaged with identical microscope settings. Six to eight sections were used to generate mean values for each animal, and secondary only control slides were used to ensure that background fluorescence did not contribute to the PGP9.5 coverage percentage. To assess E13.5 sensory nerve targeting of the hind limbs, single-plane, tile scan images were taken with a 20x objective. Images were then used to measure the distances between the ventral and dorsal main nerve trunk endings to the tips of the developing digits. The average distance of 2-6 nerves was calculated to produce values for each embryo. Nerve branching in the dorsal foot plate was also assessed by calculating the number of branches per mm of the longest length of each major nerve trunk and then averaging those values to produce a score for each embryo, similar to previously reported (65) . In order to prevent subtle differences in developmental stage impacting the result, E13.5 statistical analyses were performed not on raw data but values relative to the wild-type mean.
Spinal cord sections were imaged with a LSM 700 laser scanning microscope (Zeiss), and analysed using ImageJ. Three tissue sections were assessed per animal, with four animals per genotype. All images were captured with a voxel size of 40 x 40 nm by 100 nm depth using a x63 Plan-Apochromat objective, suitable for deconvolution. Initially, a single image slice (≈75 µm width x 150 µm height) of IB4 and PSD95 labelling was taken across one randomly selected superficial dorsal horn, including laminae I-III, from the tissue section under analysis. Using the freehand drawing tool and ROI (Region of Interest) Manager in ImageJ and IB4 labelling as a marker of lamina II, this reference image was used to delineate regions of interest consisting of lamina I, II outer, II inner, and III. These regions of interest were used for assessing synapse densities across the different laminae of the dorsal horn. Sample image stacks were also captured of the same region, taken to a depth of 5.5 µm, and processed to derive binary representations of synaptic puncta. Firstly, stacks were deconvolved in ImageJ using the WPL deconvolution algorithm in the Parallel Iterative Deconvolution software package (66) , based on the Iterative Deconvolve 3D plugin (67) . 3D PSFs were generated in PSF Lab (68) . Deconvolved image stacks were then filtered with the "despeckle" 3 x 3 median filter and thresholded using the OTSU method in ImageJ. To assess puncta within each region of interest, the image stack was divided into eight equally spaced image slices (0.1 µm z slices separated by 0.5 µm). Each region on the isolated slices was assessed separately for PSD95 + and synaptophysin + puncta profiles using the Analyze Particles plugin in ImageJ. Puncta profile counts for each lamina were averaged across three tissue sections per animal, and plotted as puncta profile numbers per 100 µm 2 of lamina. Phenotypic analyses of all tissues were performed blinded to genotype.
Motor behaviour testing
Motor behaviour was assessed using a Grip Strength Meter (Bioseb, Vitrolles, France, GS3) and an accelerating Rota-Rod (Ugo Basile, Monvalle, Italy, 47600) as previously described (12, 69) . Rota-Rod testing was sometimes completed before grip strength testing on the same day with at least a 30 min interval between tests. Mice were tested on two or three days within a week. Three trials were performed per animal per test day, with at least 5 min rest between trials. The maximum recorded value from the three trials in a day was used to calculate a mean value across days for each mouse.
Sensory behaviour testing
For all sensory behaviour tests, mice were pre-acclimatised to the testing equipment and an average of 2-3 baseline readings were used to obtain a final measurement. To assess mechanosensation, Von Frey monofilaments were applied to the plantar surface of the hind paw and removal of the paw recorded as a positive response. A response threshold value was calculated using the up and down method (70) . Proprioception was assessed using the beam walk test as previously described (71) . Briefly, mice were filmed as they moved across a thin wooden beam of roughly one meter in length. The percentage of correct steps was calculated by recording the number of missed hind paw placements and hops, and comparing to the total number of steps taken for each run. Noxious mechanical thresholds were calculated with the use of an Analgesy-Meter (Ugo Basile, 37215) (72) . Mice were lightly restrained and increasing mechanical pressure was applied either to the dorsum of the paw or to the base of the tail. The force at which an obvious withdrawal response was observed was taken as the withdrawal threshold. To assess heat sensitivity, the Hargreaves method was used (73) . A radiant heat source was applied to the plantar surface of the hind paw and the latency to withdrawal was measured as the noxious heat threshold. All tests were carried out with the experimenter blind to genotype.
Measurement and Analysis of Cytosolic Calcium
Cytosolic calcium in primary DRG neurons was assessed similar to previously described (74). Briefly, cells were washed twice with recording medium (156 mM NaCl, 10 mM D-glucose [Sigma, G8270], 10 mM HEPES [Sigma, H3375], 3 mM KCl [Sigma, P9333], 2 mM CaCl 2 [Sigma, C8106], 2 mM MgSO 4 [Sigma, M7506], and 1.25 mM KH 2 PO 4 , pH 7.34-7.36 -adjusted with 10 M NaOH [Sigma, 72068]), and loaded with 5 µM fura-2 AM (Life Technologies, F1221) and 0.002% (v/v) pluronic acid F-127 (Life Technologies, P3000MP) in recording medium for 30 min at room temperature. Fura-2 was subsequently removed and cells washed twice in recording medium before cytosolic calcium was detected in single cells every 2 s using an IX70 inverted microscope (Olympus, Tokyo, Japan), a cooled Retiga Fast 1394 CCD camera (QImaging, Surrey, Canada), and Andor iQ 1.9 software (Belfast, UK). Following at least 90 s continuous recording of the baseline fura-2 ratio, the medium was carefully replaced with recording medium containing either 50 mM KCl or 1 µM capsaicin (Sigma, M2028). To calculate the fura-2 ratio change from baseline to maximal response for individual cells, the mean of 20 sequential recordings poststimulation was divided by the mean of 20 sequential baseline recordings prior to stimulation. The mean average was then calculated for all cells simultaneously imaged in a well. An average of 10 cells per well was assessed. Capsaicin responsive and non-responsive cells were categorised based on whether the percentage fura-2 ratio change was ³ 150% or < 150%, respectively. Fura-2 experiments include multiple wells (2-3)/treatment/animal.
Statistical analysis
Data were assumed to be normally distributed unless evidence to the contrary could be provided by the D'Agostino and Pearson omnibus normality test. Data were statistically analysed using an unpaired t-test, or one-or a two-way analysis of variance (ANOVA) with Sidak's multiple comparisons tests. If the data did not pass normality testing, Mann-Whitney U tests or Kruskal-Wallis tests with Dunn's multiple comparison tests were used. GraphPad Prism 6 software was used for all statistical analyses and production of figures. Means ± standard error of the mean (S.E.M.) are plotted for all graphs. Supplementary Table 1 . Primary antibodies successfully used in the study. C-C3, cleaved-caspase 3; CST, Cell Signalling Technology; DSHB, Developmental Studies Hybridoma Bank; ELS, Enzo Life Sciences; FI, Frontier Institute; M, monoclonal; P, polyclonal; Syp, synaptophysin; SV2, synaptic vesicle 2; 2H3, neurofilament. For failed staining, the highest concentration is reported. 
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